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PREPARATION OF SINTERED OXIDES -OF HOLLANDITE TYPE
STRUCTURE (KXMgX/2Ti8"x/2016) AND THEIR IONIC

CONDUCTION
Takehiko Takahashi and Katsumi Kuwabara¥

ABSTRACT. Research was conducted on ionic
conduction of sintered oxides of the hollandite
type, K Mg having a tetragonal lattice and
1nv01V1ng %Gnneés along the ¢ axis. The degree
of sintering was defined as the ratio of apparent
density and the theoretical x-ray density. When
KpCO3, MgO and Ti0,; were fired at 1200°C for five
hours after prefiring at 950°C for 10 hours, the
degree of sintering reached 85-90%. From the

results of the powder x-ray diffractions and floures-

cent x-ray analysis and lattice constants, the
composition range of tetragonal single phase was
determined to be 1.65%4k < 2.0. Tablets, about 1lmm
in diameter and 2mm in thickness, were prepared -
from the sintered single phaSeé,|and the IOKHZ'KE
conductivity of the spec1mens was measured with
~gold~plated electrodes in the temperature range
from 200°C to 400°C. Conduct1v1t¥ was found to
increase from 107° to 10 *mho.cm™ ! as x decreased.
Through comparison, according to Tubandt's method,
of weight changes of tablets before and after
electrolysis, it was clarified that the conduction
seed. of the sintered specimens of single phase

was K+ion. The correlation of K+ion conductivity
and hollandite type structure was briefly reviewed.

*

Department of Applied Chemlstry, Faculty of Englneering,

Nagoya University; Nagoya-shi, Chigusa-ku, Fuocicho, 464,

¥ ¥

foreign text.

Numbers in the margin indicate paginatlon of original

/1883%



e e e e e e 1. Preface

It is well known that several compounds formed around a- -Agl
manifest a high &g]&on conductivity at room temperature El] |
which 1is believed due to the average structure or the three- )
dimensional, disarrayed lattice seen in d—Agl. The correlation
~of such ion conductivity and the!somewhat disarrayed erystalline
structure [2] presents a very 1nteresting toplc 1in research on
high ion conductiv1ty. )

The compound 1nvolved in this research is expressed in the

~general formula, K Mg /2T18 X/E 16° and is simllar in structuﬁe
7

[3] to hollandite, Ba_ Mn /EIIMnS /2IV 016,‘a type of manganes /

Figure Igis; a pPOJeCtIOn of hollandite on (001) [4] Manganese
1s located 1n the center of the OXjgen-containing octahedron.
This octahedron, by means of a common perimeter, forms a double
~eckahedron which in turn forms a chain by having common corners. -
‘Barium 1s bounded by the elightlg distorted elght oxygen. cubesg
along the border and four on the;same plane as barium and parallel
with this paper. The basic strueture extends in the direction '
of the;g}@xis perpendicular to the paper and ferms a so-called
tunnel. [5] Kngx/ETiB—x/2016 ;s equlvalent to a rearrangement
of bardum in hollandite wlth potassium, and of manganese with
magnesium and titan. (K01, of roek—salt structure, indicates a
g7em™ at 300°C, [6] but
'Kngx/2T18—x/2 16> of the hollandlte type structure, can be

expected to manifest a high K+ion conductlivity through its tunnels.

F1g 1 Structuré -of hollandite prOJected an - (001)
A e ’ Open circies denote jons at the levcl 2=0 and flled | "

c1rc1e5_ ions at the level 2=1/2." :



2. Method of Experiment

S L2 Prépandtl onl ofe Sifiser) Speeimen

K2003, Mg0 and TiO2 were measured and removed in the range
of x=1.4 - 2.2 of KeMgy /oTig_ /0016 and dried for several hours
at 100°C after wet blending with_Eoluene. After being formed
into a disc at pressure of 2 toﬂ:ch'z, it was prefired 1in air
for 10 hours aé 950°C and pulve;E;ed into 300~mesh size powder.
A portion of this material was used for x-ray analyses, and the
rest for firing. The singgr was obtained by applying pressure
with a rubber press, 3 tonwcmnéb to prefired powder; tablets
- were made 11 mm in diameter and about 2-3 mm-in thickness, after

which heat was applied from 2-10 hours in air at 1200-~-1400°C.
2.2. X-Fay Analyses

In qualitiative analysis, copper was used on ﬁﬁe anti-cathode
and powder x-ray diffractions were obtained under the ordinary
 method. Measurement of lattice constant was conducted more than
10 times on specimens of the same composition, using silicon .
as the internal standard. Further, a fluorescent x-ray analysis,
using a scientific eleciri¢al instrumeht,.GF-SX, was conducted.
The target at thils time was chrome. Potassium and titan were /1884

' also studied; in the former, the EDDT proportional counter 5ystem,
and in the latter, the LiPF scintillation coupter system were
applied.

2.3 Review of ion Conductivity

i -

Conductivity of the specimen was determined‘pydpgiisb;ng

Nfﬁé’éﬁééiméh'with a No. 1200 emefy paper, then clamping 1t with

AN

f ,go1d—p1ated electrodes and heating for about 200-300°C in air.
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“The instrument used was a Yokogawa Electrici;ég;Hiﬁpédan&é'bfidge,
with frequency at 10kHz. To clarify the ion seed for conduction,
Tubandt's electroiysis method [T] was employed to determine the

- welght changes In"the anode and cathode sides of the specimen
tablet. S

3. Results and Observations
3.1 Singie phase range of sinters

In analyzing the crystalline structure of K MgX/2T18 x/2 162
Bayer and his collgﬁgges used KNO3 as poftassium base and only
furnished data on 51nder1ng conditions: 1000°C at 20 hours,
x=2.0. [3] Therefore, we used 32003 for potassium base and

studied the property of sinters under conditions different from
| that of composition x.

Figure 2 shows a x—ray—diffraction pattern of a typical
composition of prefiring and firing specimené. Circle denotes
" the tetragonal defraction curve being sought. In the prefiring
condition, solid phase reaction (goal) has advanced considerably,
" and in each composition, there are numerous defraction curves
reflecting low temperature and unknown phases of TiOQ. In the
' firing specimen, x=1.4, there was a very simple defraction,
éxcept for theihigh temperature phase of Tioz. In x=1.8, there
was only a single phase defraction equivalent to the tetragonal
phase, and 1.6<x<2.0 produced a Similar refraction. In x=2.2,
the defraction curve indicated a presence of an unknown phase
in the vicinity of 28°. Such defractions were observed also in
specimens fired at 1400°C. f ER

Figure '3 shows the lattice constant of spe01mens fired at.
. 1200°¢C While the H axls undergoes a gradual change, the 4 axis =
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Fig. 2 X- ray diffraction pattern of K;,ng,g'l‘ng_zﬂou

(a) : Obtained frem prefiring at 950°C I‘or 10hr .
(b) : Obtained from firing at 1200°C for Ghr |
- (O : Tetragonal phase '

“ At Low temperature phase of T10;|

¥ : High temperature phase of ’I‘103

@ Unknown phase T :
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Fig. 3 Lattice parameter of K:Mgz4Tis_z00,s obtained
“from firing at 1200°C for 5 hr after prefiring at
950"0 for 10'hr

bends at x=1.6 and 2.0. The

Vegard law cannot be applled

" here because it is not of a sim--

- ple -dual--system.- Since changes
in the!ﬁ‘axis also occur 1n the
Lernary system in this manner,
there are indications that boun--
:daries exlst in the composition
'x=1.6 and 2.0. "

With respect to the forma-
tion of sinters, there is the

problem of evaporation of potas-

sium during firing. Using as

‘standard specimen the blended
Epowder before it is'subjected to
‘prefiring, a comparison of sin--
ters was effected withff&uores—

cent x-~ray. The composite error
due to evaporation at time of
flring was negligible at 1200°C

but rose several percent at

1400°C.  Further, almost no dif-
ference was noted among tablets

Ecovéréd with powders of the same
‘composition and” those uncovered

‘at the time of firing.

As a result of the x-ray

analysls, the range of tetragonal single phase was clarified to

be 1.6<x<2.0. In discussions below, we will use sinters obtained g

ignored.

-after- % rhours at 1200°C so that evaporatlve problenis "can be ™
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"7327 Sintering propetrties

No appropriate value for measuring the degree of sinfering
has yet been established. Acoordinglyj'such”indirect terms as

apparent density, ring density, contraction rate or pore rate

are used.
Under the ordinary method using /1885
b xq@dmﬂw | picknometers to measure density,
< {10 serlous experimental errors may
é‘ EA dévelcop, depending on the degree
%35- '%_g of fine pulverization of the sinter
ir. 5 aﬁd the de~airing process. Conse-
‘g 1% %M quently, we shall discuss the |
= : = matter of sintering from the stand-
o ) ) '-1m7 pqint of apparent density whilch
rosel— ]: 20 al}pws for simpler measurement and
‘ Fig. 4 Apparent density, X-ray density; are ﬁlotted_ ! fewer EXperimental: fegi,a}—g_'—_/
*, against sintering of KoMgonTis 20y - i

L Temn (©) L. . . . PFigure 4 shows the apparent
W00 30 L
T .

| density in the range of the single

phase, and the theoretical x-ray
density baéed on the lattice con-
stant of Figure 3. The apparent

*Q' density was obtained from dimensions
and welght of ﬁab;ets for use in
measuriﬁgaconductivity. The use

of monocrystalline density would
have been ideal. However, as

ati 4 monocrystals were unavailable and

since the lattice volume changes . -

2.0

e . s , R s
: i e > LT (KoY slightly, depending on the sintering
. ;-_‘71- - e o n E - T i M T “
: || Fig. 5. Temperature-dependence of .conductivity of conditions, the theoretical x~ray - -
- " sintered KoMgzaTig 000 : o

density was used as the standard
e . . .dénsity.. .The ratio of .apparent



.tf“density'as‘a‘measurement of sintering and the theoretical x-ray }J
density was taken and plotted to be 85-90%, as shown in Figure 47
{ ;
[8]

3 3 Conductivity

Flgure 5 reflects the temperature dependence of conductivity
within the range of 200-400°C. 'Single phase is shown by a line,
while the blended phase 1s shown by a brokenrllne As can be

— T e e e ——

%fbbséeeaé”“%o;h 1ines are not stralght _however, ‘the hlgher thegﬁbfle;r

=t “*——"‘———‘*—*—”'-*——\_ﬁ“"‘ﬂ_—“——‘_"*"hﬂ-——‘—“‘ R - T
& of 51nter1ng as shown In Figure 4, tThe greater‘prgpgg;_-- SRS

Lo J_.-"\ "‘:,r-«*’ N T S A
81ty toward & 8tralghter line. Figure € shows the relstion be-

tween conductivity and composition. In a x < 1.6 blending phase,
the value is smaller than X'% 1: 6, whereas in the x > 2.0 blend-
© ing phase, it is larger than x e 2.0. A simple relation can be
ATtHeY single” phase relative to tomposttion: '

D il iﬁé%?‘éﬁﬁihis“cal1esgues calculatlng thetégzﬁ?conductlvity
of K1 6Mgo 8T17 2 16 °On the basis of dialectric” and capacity
measurements, reported a valuefhaving a very wide spﬁead of about
4x107 7%2}{10 mhokjn 1 at 25°C. :{9] Since our measured values
could not be compared to theirs because theirs were not a dirwﬁ7
measurement of conductiv1ty, the difference of value of Specimens
was excessgg%ly great and virtually no study of conduct1v1ty
had been made, we prepared a sinter according to thelr ‘method
for reference's sake and measured its conduct1v1ty{$ the results

- of which are shown in Figure 7. Conductivity was smaller than
the value attained by us as shown in Figure 5; the dependence
on the composition was also reldtively smaller and was wilthin

the oblique line.

3.4 Ion seed for conduction ‘ P

F L LT S Ut

i

For the purpose of determlnlng whether the foregoing con-

LAV

. duetivity is due to ions or electrons (ineluding positive. hole)

T -
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and, 1if lons, which are responsible, we stacked three sintering
t#ble#s, placed them in contact w1th gold—plated electrodes and

subjected them to electr01y31s with 100~ 500 n.A current at 300°C
“Weight changes of each tablet before and after electrolysis were.

" measured.

Assumling that certain catheon (M) is involved in conduction
oxygen gas will be generated at the anode side because of elec-

trolysis, and the catheon will move to the cathode side, accordlng

to the formuﬂ%below. At the cathode side, the metallic¢ element
formed as a result of electrlcal discharge of the conducting
catheon willl react with oxygen and be converted into an oxide.

anode side (A): MO, - ——>M2P‘+ ‘\x/e 0, ‘2;?\%}‘ (1)

e J '\t:\‘ K ( ‘} ' I ’ ) J "I”’:-—-_ o =

Center (B): M¥t—s nPxt (2)

’ . 2x+ ";  -

Cathode side (C):M ,ﬂ 2xe —— M : (3)
M +| x/z-;og%—-:»mx ()

T L PN - PR e P -



" Hérnice, the tablet on the anode side should undergo ‘weight
reduction equal to the weight of the oxide from the conducting /1886
catheon, withAa corresponding weight increase on the cathode

slde. There probably is no wglght change‘whenﬂonlyjan.oxygen ion

or electron is 1nvolved in conduction.

T:;ble 1 Weight change of the tablets‘ of sﬁeéimen_ :
K,aMgs.aTir )5 after clectrolysis at 300°C | Table 1, for example, re-.

. (Amount of clectricity : 22.5g) . flects the observed value of
S Weight change of tablet (mg) .
: - : welght changes in the case of

Tablet " Obscre Calculated value for various

Cved N . charge carriers - - ) 1 BMgO 9TII_7 1 16, and Calculated
1 . T A+ [y -
L K Mg* T %" | value of wéight change for a
T AL . =1100 —4.68° —4.67 0o | ' :
g-} 107 Ty T o o lHypothetical conduction ion seed

i12.2 41100 +4.68  +4.67

'charged with electrical current

of 22.5 Coulomb. The observed
value is in harmony with the calculated wvalue of E+ion hypothesized
as the conducting seed. The weight on the cathode side is heavier
~than the calculated value. The reasgson for this, when donsidering
the solubility and strong basicity of the educed materlal on the
cathode side, 1s believed due to the fact that a part of the
oxildes, K2O or KO,formed unde%ﬁformula (MJﬁwas converted into

',ﬁydrate or carbonate after absothing moisture in the air or car-
bon dioxide during the perlod between electrolysis and tablet |
- weighing. It is evident from the foregoing that the lon seed of
these specimens are K+ion.

3.5 K+ion conductivity and tunnel structure

As initially anticipated, 1t became clear that K Mg /2Ti8 x/2

16 showed an extremely large K+1on conductlivity. Let us briefly

discuss this high ion conductlvjty and the hollandite type tunnel
structure. |

K S

i
e e e ; e e e

LAl

i

By tunnel structure i1s meant a relatively loosely positioned <
lattice elongated one-dimensionally. .For ions to migrate within -

9.



“this tunnel, 1t would be bhetter if the diameter of the tunnel is
as large as can be tolerated by the lattice., The diameter of
. - the tunnel that can be obtained experimentally is the length of
' the 4 axis. As is-shown in Flgure 3, the smaller the composite
on x, the’ blgger\the a and iarger the diameteraof the tunnel

In K ng/ZTlB x/2 167 there are two places in unit cells
where K+1on can enter, and the number of K+ions vacant lattice
points increase as the comp051tion X becomes smaller than 2.0.
Figure 8 i1s a model (sample) of K+ion dle;rlbutlon The 1on is
not arranged systematically. Like Bysﬁfgg and his colleagues
[4]swho hypothesized the position of barium in hollandite, we
should envision 1t as being distributed from a statistical view-
polnt., Migration of K+ion in the direction of the a axis is
virtually ruled out, for it malnly moves in the direction of the |,
‘¢ axis through vacant lattice points. Hence, the smaller the
fcomposition'x, the. greater the K+ion conductivity.

T The conductivity reflected in Figure 6 1s in accord with
these findings relative to the tﬁnnel structure: the smaller
the composition x, the greater the, conductivity. In the case of

6Mg0 8T17 5 16 lhav1ng a tetragonal 51ng1e phase_bccndary,

10 umho Tem o at 30000 a very large veiﬁe.ln terme of K+ion

conductivity was obtalned.

A comparison of conductivity of three typee'cf erystals
containing potassium — KC1, K Mg /2Ti8 x/% 0,¢ and KAlllO17 (po-
[6], 107" and 1073
mh@?ﬂmﬂl [10] respectively. In the former, K+ion conductivity

" tassium-f alumina) —showed, at 300°C

was through the Schottky type K+ion vacant latfice points; in
the center, through the vacant lattice points 1n the one- dimen~

451ona1 tunnel structure as prev1ously explained; and in the
latter, through vacant lattice p01nts in the two- dimepsﬂonal

- 10



-7 Tlayer structure.[11] FProm these comparisons, 1t is clea®d that

~1lon migration.

o =3y Condicetivity of single phase sinter 1s710

the contrihution of the hollandite type tunnel structure to
K+ion%¢pnductivity i1s small compared to that of the B-alumina

" type lajer structure. However;lin contrast to-the -requirement
of higher temperature than 1700°C and the process to prevent the

evaporation of potassium in ordér to obtain geood sinters from
KA111017, the outstandlng characterigtic of K ng/2T18-&/2P16 is
that 1t provides good sinfters from KAlll 17 at several hundred

' degrees lower temperature minus the problem of pota351um evapor-
. ation. Further, the contribution of the hollandite type tunnel

structure to K+ion conductlivity is much larger than that of the
Schottky type, defective point structure. Plans are currently
being formulated for a further study as a detailed qualitative

discussion concerning multi-erystalline sinters would reguire

_ research into the crystalline structure and energy relative to

DI ‘ SRR B b, Summary

The following observations
were made as a result of this re-

1

Fig. 8 Model to potassium ion distribution in hellandite

0000680
0096068

search into the formation of sin-
tered oxides of the hollandite

" 0006668 |
0069086

. type con_:pound KzMga,2Tig 2201 projected on (100) type structure K Mg /2 T__l 8 _X/2 16 \ .

Open circles denote potassium ion vacancy and |- T 4
closed circles potassium ion. ) . ;&I‘ld thElI’ /}»l Onifﬁ cqnductiv&ty l

(1) Good:sinters are obtalnable by firing K CO MgO and

33

f Ti0, for five hours at 1200°C after prefiring for 10 hours at
.950°C. '

(2) The range of tetragonal single phase is 1.6<x<2.0.
|
~5:10% *anon - -

em~t at 200-400°C.

11
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TTTT(HY  Conduction seed is Ktion.

(5) A study of K+iom conductivity and hollandite structure’

led us to presume -that the tunnel plays a major role in K+ion

conductivity.
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